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AF3STRAH

The state of the art (SOA) Li-ion cells utilize carbon  anodes. However, to improve specific
energy, energy  density, and safety of cells using  carbon  modes, alternative anodes  must  be
developed. Recently, Fllji Film Inc. has sllggested  the use of tin oxide based anodes  in I,i-ion
cells. It is believed that cells containing, tin oxide bwxl anodes  have the potential to meet the need
for NASA’s future missions. As a result, we conducted an analysis to compare the perl’m-mance
of cells containing carbm anodes  and cells containing tin oxide anodes. The comparison between
these cells involved  the following: 1 ) reaction mechanisms between Li aIld carbon  and reaction
mechanisms between Li and tin oxide, 2) half cell and full  cell performance characteristics, 3)
interactions between the anode materials and elect ml yte types and composi  t ions, atld 4) the
optimization of binder  composition.

INTRODIJCTION

JPI. is invo]ved  in the development of rechmgeab]e  lithium cells for future
h4issions. h4m Ex~loration  Missions can be brodly  classified into foLIr types:

h4m Exploration
orbiters, landers,,

rovers and penetrates. These missions have s(J]l]e”coIIII]loI]”  performance ~e~]l[it”el~lellts,  sLlch as
high specific energy  ad energy  density due to ]]~ilss  aIld volume  limitations. }Iowever,  e~~ch of
these missions has some unique  primary perl’omanm  drivers, sLIch as, lmlg cycle capability
(orbiters) and ability to operate at low temperatures (l~~nders, rovers and penettaters). The
orbiters require a cycle life greater than 30,000  cycles at 20-30%  depth of discharge with a
specific energy  > 100 Wh/kg,.  3’hc landers and rovers  require batteries thiit  catl provide > 120
Wh/kg  and opel”ate  at temperatures< -20 “~, wha”eas, the cycle life requirement is <500 cycles
(50-70% DOD). Penetrates require batteries that cm operate iit temperatures lower  than -60 “C
and withstand high shock  levels. The 1 ithiunl-ion system was selected for new term missions as
this technology was more mat ure ~otl~piid  to the lithium meta] b~~sed and lithium polymer battely
systems . The specific objectives  of the J}’], lithium ion cell  effort  are : 1 ) Improve the low
temperature pf3d’OllllilllCe  tit lithi  urn-ion cells and demonstrate their applicability y to lander, rover
md penetrate missiom, 2 )  ]mprove  the  cyc le  life pcrl’ommce of l i thium-ion cells and
demonstrate the ability to met life requirements (f the h4m orbiters and 3) Establish eftective
charge  methodology am] reconditioning methods for on-board battery management. To realize
these objectives work  is in progress in areas such as chemistry and material development, design
optimization and data b~tse  development. ‘1’hc prime objective of the them istry and materials
subtask  is to develop/select electrode ]lliit~l.iiils  and electrolytes that are capable of providing long
cycle  life and improved low temperature pe.rformmce.

The SOA Ni-Cd  and Ni-112 batteries are quite he:lvy and bulky and can not meet mass and
volume  requirements of futm Mars missions. Furthermore, they have very poor  low
temperature perform ~u~ce capability as they use aqueous elechd  ytes. Rechargeable lithium-ion
batteries offer  significant weight, volume  and cost advantages compared to SOA Ni-Cd  and Ni-
112 batteries and are especially attractive for fLuure h4ars Missions. The performance advantages
include: higher specific energy  (2 to 3 times greater  than Ni-Cd  and Ni-Hz ), energy  density (3-4
times greater than Ni-CM and Ni-I 12 ), higher cell  voltage, mu]mbic and energy  efficiency, low
self-discharge rate, and lower  battely  costs compared to the, SOA Ni-Ckl  and Ni-IIz  batteries.
These advantages translate into several benefits for Maw Missions includill~: reduced weight and
\ro]llIlle  of the energy  stor;lge sllbsystell~,  it~~p].ove,d ]“~li~lbility, extended  mission life, at]d lower
power system life cycle costs.



Four types of lithium cells are presently under  development in the, 11S, Europe  and ~apan;  1)
lithium metal with liquid electrolyte, 2) lithium met~il with polymer electrolyte 3) lithim-im
containing liquid electrolyte, and 4) lithi um-im containing p[)l  ymer  elect rol yte.. Among  these four
types of technologies, lithium-ion battery technology is the most advanced and like] y candidate for
future  space missions (1998 aId beyond). ‘l’his system is also being considered by other
tierospace  organizat ions for GEO  and LEO sp;umaft  appl icatims. These cells employ a
carbodgraphite  anode (imtead  d metallic l i t h ium)  and liquid  o rgan ic  electrolytes. I,iCoOz,
I.iNiOq,  and I,iMn~04 are present] y being evaluated by several commercial vendors  as candidate
cathode m:lterids  tor these cells.  Small cap;~city  cylindrical cells have been introduced into the
~Jnited States by Japanese manufacturers for portable electronic applications. I’hese cells have a
specific energy  of about  W -120 Wh/kg  and 200-240” Wh/1 and can operate at temperatures in the
range  of -10 to 30 ‘C. These cells can deliver > 5(N) deep discharge cycles. For future  Mars
exploitation applications, however, certain improvements must be made in order to meet specific
mission requirements, such as improving the cycle  1 ife of the cells, extending the opemting  range
to lower temperatures, as well as scaling-up the technology to Iarg,e cell sizes (5-20  Ah).

At present, carbon  materials, such as coke, and graphite, we used as anode materials itl
rechargeable lithium-ion cells. These materials exhibit lower  usable specific capacity ( 150-3(N
mAh/g)  cmlpdred to metallic ]ithium and this results  in ]owe.r spec i f i c  ene rgy . Additionally,
carbon-based anodes  typically have low densities, which imposes limits on the energy  density of
the I.i-im batteries. Moreover, c:trbm  anodes  operate at potenti}l]s  very close to that of lithium
ad, consequently, are reactive ad may exhibit sttfcty  problems especially in large size batteries.

]n order to furthel”  improve the specific  energ,y, ene.rg,y density, and safety  of lithium-ion ce]ls,
advanced anode  materials alternative to carbon  anodes  with higher specitlc  capacity and stability
need to be clevel  oped. Of the alternative rim-carbon anode materials, lithium al toys appear  to be
attractive. Lithium alloys usually have high specific capacity  of lithium. ~’k mtIjor  problem
which limits their use is the volumetric instability of’ the lithium alloy electrode during  charge  and
discharge cycling. However, recent developments suggest  that lithium alloys my work  well as
mode  materials for Li-im cel Is. FL]ji f-i 1 m lnc, in J opan h:~s announced a successful development
of a Li-ion  cells containing ammphous  tin-bwed  composite oxide anodes(’). It has been sug ested

‘), thethat the reaction  of lithium and tin oxide will form tin metal and lithium oxide itlitially
continuation) of lithium insertion after the lithium oxide, formation leads to the reaction between
lithium and tin metal.

At .IPI., a p re l iminary  amlysis was cx)mluctcd  to cxmlparc and ev:lluate  carbon  and tin oxide
anodes for use in Li-ion cells(3). It is the purpose (d’ this piiper  to repor( the results of this
comparison which includes the following: i) the mechanisms that occLu” when Li reac~s with both
carbon  and tin oxide, ii) cycling performance  of carbon  vs. tin oxide, iii) the effects of electrolyte
types and compositions in cells containing carbon  and tin oxide anodes, and iv) the optimization
of binder composition of tin oxide anodes.

13 XPI;RIMENTAI.

The electrochemical evaluatim of carbon, SnO, and SnO~ imodes was conducted using half-
cells with the electrodes woLmd in a spiral collfiglll”tlti(~ll. in the half-cell configuration, lithium
was  used as the anode  and reference electrode, and carbon,  SnO, tmd SnOq electrodes were used
as the cathode. The carbon, SnO and SnOq electrodes were made by spraying a solution
containing either carbon, SnO, or SnO~ powder, Poly(vinylidme  fluoride) (PVDF)  binder, and
carbon  black  onto a copper foil substrate. 1.i thi um electrodes were mde by ml d pressing lithium
foil onto nickel mesh substrates. In the full-cell configuration, LiCk~02  was  used as cathode
materi:ll, carbon  or tin oxides were  used as anodes. The anodes ad cathodes were separated by
two layers  of 1 mil thick polypropylene membranes. The cells were activated with the various
mixed solvent electrolytes containing l.i PF6 salt dissolved in Eth ylelle Carbonate (EC),  Dimeth y]
Carbonate (DMC),  Dieth y] Carbonate (DEC),  But ylene Carbonate (X) and Propylene Carbonate
(PC).  All cell assembly operations were camied  out in an oxygen ad moisture free glove box.
The experimental cells were evillui]td  for ch~li”ge/(iiscl~:~rg,e  characteristics, faradaic  utilization of
the active material, rate capability and cycle life. Constant current was used for charging and
discharging the cells, Open circuit voltag,es (OCV) were  determined using  a cxwlmnetric titmtion
technique.



.
Pmparat  ion d high specific sutl’aue  area crystalline SnO was achieved by using  a modified

precipitation technique, as follows:  1) dissolving SIClj.21  120 (Alf”il 99.99%) in distilled water,  2)
the resulting solution was added dropwise  into a 1 N N@f I solution  (Fisher Scientific), 3)
additional NaOH  was added  to main tiiin a p] 1 of” 14 at all times, aIld Iastl  y 4) a black aggregate
formed  which  was then washed  with distilled water,  filtered, and allmved to dry in air A mom
temperature. The commercial tin oxides were obtained from (Alta 99.99%). X-Ray Difl’radim
(XRIJ)  was used to identify crystalline phases, :md detetmim twerage grain sizes, for in-house
prepared SnO and commercially obtained SnO powder. A st:lndard B.E.T. analysis determined
the average specific sulfate  areas fm both SnO powders. The average particle sizes of the SnO
powders were determined using a laser ]ight  scattering tech uique. Surf_ace  morpho]ogies  for both
powders were examined using  !Wanning Electron Microscopy (SEM).

To determine the crystalline phases present after lithium was titrated into the SnO and SnOl
powder  the following procedure was used: 1 ) 5 SI1O half  cells and 5 Sn09  halt cells were made
using the procedure memtimed  above, 2) the amount  of lithium titmted  in~o each SnO or Sn02
electrode was pre-detemined,  3) after titrating lithium into ed electrode the open circuit voltages
(OCV)  were measured, 4) the cells were  then opened  in ii glove box and the electrodes were
washed  in solvent and sealed in a polypropylene b~ig,, 5) the electrodes were then analyzed using
XRD  to determine the crystalline phases  present.

RESIJ1.TS  AND DISCIJSSIONS

(1) Comp:wison  of reaction  mechanism:

Gruphite  md (Me

The ~taphite  structure consists of layers of carbon  atoms tumged  in hexagonal rings  that m
stiacked  Ill an ABAE3 . . . . sequence. In coke,  the bmic  structural unit is similar to graphite,
however, its carbon  layers have small lateral sizes and the stacking of the layers  is imperfect and
characterized by a turbosttatic  structure. The reaction mech:mism between Li and graphite is an
intercalation type reaction and proceeds ill stages  as follows: C --> 1.iC2q  -->l.i  Cih --> LiC12 -->
LiC6, where the formation of each of these l.iCX phases corresponds to the constant voltage
plateaus in the charge/discharge  curve in the l,i/C system. It is impmlant  to note that during  this
reactic~n,  there are II() major  Stl’LICtlll”ii]  recxmf’ig,u  rat ions  i n g,raphi  te, which results  in a highl y
reversible reaction. However, when graphite is initially charged, the formation d’ a passivatim
layer due to electml  yte decomposition at the electrode  surf’ace  is immanent, and results in an
irreversible capacity loss. Additional] y, the average discharge voltage for the intercalation of Li
into graphite is approximately 0.1 V, which  will k compared  to the I,i-tin oxide system, shortly.
LJnlike  graphite, the reaction mechanism between l.i and coke is a solid solution  reaction am]
therefore the ch~~[”ge/discl~tllge  curves tor coke lMVC no volt:lge plateaus but instead have sloped
curves between 1.0 and 0 volts. in Li-im cells containing carbon  anodes, graphite anodes  are
preferred to coke clue to the higher reversible capxity  of graphite. 1 lowevcr, when compared to
grap}lite,  coke }las  higher l“dte.  capabilities which results  tronl  the open structure, of coke.
Adclltlmally,  compnred  to graphite, coke, hw a higher  lithium potential gradient.

Ciy.ftalline SnO and Sn02

S1]O1:  The reaction that occurs  when Li is titrated into tin oxide is not an intercalatim  reaction,
instead it has been suggested that a mmstit uti onal met ion occurs  according to the following
equation for SnOz (mtile):

8.4 I.i i- Sn02 ---->  21Ji20 -t LiJdSn Eqn. 1

I lence,  the. reaction  that occurs  fm SnC) (layered  type structure) is:

6.4 I.i + SnO ----> I..i?O + IJidoSn. Eqn. 2



]n Figure  1 the charge/disch:irge  curves  are shown  for Li/SnO  and Li/SnOz. From Figure  1, it
is observed that 8.15 moles of l.i reacted with SnOz, which is in agreement with the 8.4 moles
predicted from equation 1. From equation 1, out 01’ the 8.4 moles of IJi  initially titrated into Sn02,
4 moles of Li are irreversibly consumed  to form 2 moles of 1.ilO, and 4.4 moles of I.i are
reversibly stored in 1 mole of I.i ~,qSn.  Ilowevcr,  it is observed that only 2.9 moles of Li were
extracted during  charging, which  is not in agreement with the 4.4 moles  of’ I.i predicted by
equation 1. It is believed that the decrease itl the. reversible capacity CM be attributed to the fact
that 2 moles  of I .~jO are formed  for every mole of SnOz umpiired  to only 1 mole, of Li10  formed
for every mole of !31O. Although I.i10  is a reasonably good I,i-ion  conductor, its conductivity is
still considerably less than that of the liquid organic electrolyte. Therefore, it is believed that the
increase in Li20 formation for Sn02  signific~mtly increases polarization effects.  By doing  this,
the resulting conditions are Far from equilibrium. The, net result is a decre~we in the. reversible Li
capncity  for Sn02 for a fixed current  density.

‘l’he data of F]gure  1 suggests that the plateilu from () to approxim~~tcly  3 moles of Ii,
represents the decomposition of SnO, into 1.i,O atld SN as indicated by the corresponding line
segment spanning from x = () to x ~ 4.() m;)]es (i l,i in the proposed l,i-Sn-O ternary phase
diagram (Figure 2). (The ternary phase diagram is used as a “thinking too]” to assist in the
understanding of the Li-Sn-O  system) However, equation 1 and the phase  diagram shown  in
I~igure 2 pre~iict  that this reaction should  consume  4.() moles of Ii. It is believed that this
difference is dueto the, fact that the voltage values  indicated along the (lisch:trge/cl~~tl”ge  curve  do
not represent OCV (equilibrium voltages), because they am measured  under  an applied current.
According, t(~the~V llle~~sll[elllelltsl  lsteclitl2`:iblel,  itisobsel-\’e~lt  ll~~ttlleOCVfol  1.5,  2.5,
;md 4.() moles of Li titrated into 1 mole of SnOz are 1.]6 V, 1.10 V and 1.09 V, respectively.
llOwevel,w hellll~ol”et  llt~l~4.olllolesof  I.i t~retltttite(litltc~  SnOz, tlle~’olt:[gc~  irt}pss  ig]lif’ic:~l~tly
too.76Vfor5.5  moles ofl,i. From this, it is apparent tlult  the amount  ofl.i  consumed during
the first plateauis  :ipproxitlltitely4.()  moles  as indicated by the sigllificmt  cie.uease  in the OCV
after x = 4.() as predicted by Figure  2. Altog,ethcr,  bylllettslll”illg  tlle~vf(lr  t}lece]is]isted  in
~’:~bleI,lt~therthatl  estimating the length of the plateau using the (lisch:il”ge/ctlal”gec  lll\’e (Figure
1), a more accurate value for the amount of I.i ccmsumed to irreversibly f’orm I,i10  can be
determined. Th~ls, theexperil~lel~  ttilly~leterll~il~ e(l\~ttltleo  f4.()1~loles(~fI,  i consumed to form 2.0
moles of LizOis in agreement with the predicted value.

‘1’able I. C)CV Measured  for the. SnO,  1 IaIf’ Cells

Moles of Li OCV vs. l.i (Volts)
1.5 1.16
2.5 1.]()
4.() 1.09
5.5 ().76

Itl Figl[l.e  3tlle XR1lp:ltterlls  ~lt"esll()wll  f()rtl)c  cells  listecl  ii~l`~tble  I. In Figure  3, when l.i is
titrated into SnOz (from x = 1.5 to x = 8.0) the SnOz peaks are broadened and shortened when
compared  to the pure SnOq (x = 0). Additionally, Sn peaks are observed in the samples
mltaininglJi.  Fl"olll  ttlis, itc:ltl  tJec()llclll(le(l  ttl:lttlle  illiti:Ll  rc.tlcti()ll  ()tlJi\vitll  SllOzreslllts  ill the.
fc)rll~~~tiollc>fS1l.  The absenceof  anyl.i20pedw,  which  should  bepresentfrm  the predictions
ll~:i(le  by FigL~re  2,1~l[)st  likely  sllggeststll~lt the I.i,(lis~ltllor~Jl~ol[s.” According to Figure  2 when
more than 4 moles of’I.i react with SnOz 1.i-Sn alloys sl]ould be present. However, the XRD
patterns in Figure 3, do not indicate the presence.  of any l.i-Sn  alloys. lt is suggested that the
cmnbined  effectsfmm theimxeased  backg,mmi  Iloise tll:ltl.esl[ltfl”()~~l  the p~ese~lce ~f:lm~l”ph~lls
LizO and the fact that the. IJi-Sn  peaks  are relatively weak in intensity can explain the difficulties of
i(lelltifyillg ally lJi-Sll  pe;lksitl  ttle X-Rtlycliflrilcti(  )ll p~~tterns. I]owever,  toconfim  this, further
detailed work  is required. Altog,e.ther, the confirmation t}mt  metallic Sn is formed  from the
reaction of I.i with SnOz, supports the validity of equation  1 and the, phase  diqyam shown in
Figure  2.



SnO: From Figure  ], it is observed that 6.25 moles of Li initially reacted with 1 mole  of SRO,
which is in good  agreement with the 6.4 moles  predicted  by equation 2. Equatim  2, predicts that
out of the 6.4 moles  of I.i that react  with SnO, 2 moles  td’ I.i are irreversibly consumed to form J
mole of I,izO, tmd 4.4 moles of l,i arc reversibly stored in 1 mole of’ l>iq ~Sn. From Figure 1, it is
observed that 4.() mo]es of 1.i am extracted from SnO,  which  is in close agreement with the 4.4
predicted by equation 2. The close agreement between the expe.rimenkdly determined initial  an(i
reversible Li capacities with the theoretically  determined capacities supports the validity of
equation 2.

The data of Figure  1 shows that the length of the. plateau, from () to approximately 2 moles of
Li, represents the (decomposition of SnO into Li20 and Sn M indicated by the line spanning from
x = () to x = 2.() moles of Li shown in l~igure 4. “I so obtain the true equilibrium volt:iges as
function of the moles of Li, the OCV were again me.iismxl and listed in Table 11, from this it is
observed that the OCV  for 1.() and 2.() moles of Li reacted  with 1 mole of SnO are similar (1.40
and 1.34 V, respectively). I ]owever,  whe,n m(m  tllilll  2.() moles of I,i react wi th  SnO,  the
voluage  drops  signifimntl  y to 0.86  V for 3.() moles of I ,i and eventually to ().36 V for 6.() moles
of Li. The relatively constant OCV measured  from 1.() to 2.() moles of I.i ~“ul~her  confirms that
the length of the initial plateau in Figure  1 between  () and 2.() moles  of l~i. The similarities
between the predicted amount  of 2.() moles 01 I .i consumed to form 1 mole, of IJi~o  aId the
amount  of Li consumed  during  the initial plateau  in I;Ig,LII”C ], (tip[lt”(~xitll:lte]y  2 mo]es ],i),  fu r the r
supports the validity of equation 2.

in Figure  5 the XRD patterns are shown  for the SnO hall-cells listed in ‘1’able 11. ‘l’he phase
diagram in Figure  4 predicts that: i) the amount  cd” SnO should  dWIEiNf3 from x = 0 to x = 2.0
moles of Li, and ii) at x = 2.() moles of 1.i, SnO shou]d not bc present. I.ikewise,  accorditlg  to
XRD  patterns for x = 0 to x= 2.() moles of’ 1.i, the hcig,hts of the SnO d iftmcti on peaks and
therefore the amounts d SnO decrease. At x = 2.() moles of l.i, the absence of SnO peak
confirms the absence of SnO. Furthermore, the phase  diiig[iil]~  in Figure. 4 predicts that the
maximum ~\lllo~lllt  (~f S1lpresellt(  ~ccllts:~tx= 2.()ll~c)1es()f  I.i. Correspollditlgly,  accc)l”clitlg  tc) the
XRD pattern for x = 2.() moles  I,i, the height of the Sn Peilk and therefme  the amount  of Sn is at a
maximum when mnpared  to all oftheother  samples. It is important to note that since the XRD
peak heights change  as a function of the amount  of u particulilr phase  present, the amount  of
material analyzed has a sig!lificant eftect  on the peak height. IIowever,  all of the SnO samples
]iste(i  ill T~ible Ilwerec~il"efll  lly\$'eig,llc~lt(  ):lssl[["c thi[t tl~c~itl~olltltso  fS~~O:~tliLlyze(l”  wereall  the
same. Altogethel”,t  hestt.(]tlg~  ~greetllellt between the pre(iictions madeby Figure 4 and the XRD
patterns shown  in Fig,ures 5 furthe,r  confirms  the Viilidity  of Equation 2.

]n Figure  6, the cliscl~;~lge/cl~~~rg,e  curves  we shown for both the, amorphous SnO, (S110Z-AN4)
all(lcrystallil~  eSl~O~(Sl~Oz-C).  ]ll];ig,lll”e  7,the Xk]l patterns are shown for both the SnOz-AM
and SllOz-C salllples  tifterl.i  titl.~~tioll  (lo.201~~olesof’I.i  into SnOz-AM and 8.15 m01cs of I.i into
SnO?-C),  From Figure6  i t  is  observed that 10.20” mo]esof  l.i ~~’eretitr~itc[lil~to  S110j-AN4 and
8.15111()les  ()flJi\vel"e  titlilte(Ii  llt(lSll()?-C. l’tle]ll:\tciill re.gi(lll foltlleSl  lC)z-Cflc~lll  x = otox =
4.() moles of l.i during  discharging, represents the tl”~lllSfo~llliltioll”  of SnOz into IJizO an(i S11
(~lisctlsse~l  ill(lettlil  t~bove). C()llvel"scly,l  l()pl~~tei~lls~  lle()l~sel\'e(lfc)l  tlleS~lO, -Ahflsi~l~ lpletllLls,
it IS believed that the SIIOZ-AM does not undergo  si.gl]ifi~i]llt  phase ~hi~l~ges. instead, it is
believecl  thatwhenl. ireacts  with SnOq-Ah4,1,iXSn02 is formed,  tiscmfirmed  by theabsemx  of
well def~ned crystalline peaksin  the XRIl piltterns.



From Figure  7 it ~s observed that the SnO,-Ah4  retnaitled  relatively morphous  with the
. exception of the short broad  Sn peaks which “indicate the presence of Sn. However, it is.

importmt  to note that the Sn02-AM  is not truly amorphous, instead it is only considered fit~e-
grained.  Therei”m,  it is believed that the fine S1102-Ah4  grains undergo the same reaction as the
SnOa-C, since they are both crystalline. But, since the SnOa-AM is fine-gained, a majority of the
SnOq-AM exists in the amorphous condition. As a result, the amount  of Sn present in the Sn02-
AM, after Li titration, is proportional to the. amount  of’ crystalline Sn02 present, bef’ore Li titration.
Consequently, since the mount of crystalline SnOz present in SnOz-AM is relatively low, the
mount  of Sn formed  is col.[espoll~iit~gly”  10W. Altogether, since the SI1O1-ANI  does not undergo a
phase chang,e,  with the exception of its crystalline components, it can be considered an insertion
anode. Y$Thereas  SnOQ-C undergoes a decomposition, which results it~ the formation of LizO and
Sn, and it is the Sn which acts as the active anode material.

Ihm Fi,gure 6, it is also apparent that the reversible I.i upacities  for both Sn(?2-Am and SnOz-
C are 2.90  and 3.(M moles of I,i, respectively. ‘1’he ftlct that these capacities are similar cm not be
explained since it is suggested that the SnO,-AM  ele.ctrodc remains  amorphous LixSn09 and
SI1-OZ-C forms  a  Sn/LijO-  ;~licr(~stt”llctllrc.  -

(2) Performance comparison (Cokej  Graphite,, awl tin oxide):

Anode SpPc~fic  Capacity

Typic~tlly,  the performance of anode materials is compared
‘l’he s~ecif’ic  capacities for Graphite, Gke, SnO  NILI SnOv arc

by their specific capacity in mAh/g.
listed in Table 11[. From Table 111,

it is ‘observed” that SnO ll:ls- the highest reversib]c  &lpwity,  while coke has the lowest.
Additionally, SnOz has the highest irreversible cap:wity,  while graphite has the lowest.

Table  111. Comparison of reversible and irreversible capacities
Anode Irrev.Cap. Rev. cap IrrevRev

mAh/g mAh@ Ratio
Graphite 42 272 ().15
Coke 85 173 0.49
S n o 444 793 ().56
S1107 g~(j 501 1.87

PtvdictcJ Cell Specific h’~lctgy  aid Illlcrgy Ik}l,vity

The densities of SnO and SnO~ am 6.5 g/cil~3  and 6.99 g/cm3, respectively. Therefore, a I.i-
im cell ccmtaining a tin oxide, anode, 1 .iCoOq  cathode, will have a predicted specif_ic  energy
g~eater tha!l 140 Wh{Kg, and :i energy  d~nsity of 300 Wh/1.  in comparison, the average density
of carbon  N 2 g/cm and therefore,  a I.1-lon cell  cmtai ning a carbon  mode wil 1 have a lower
specific  energy  and energy  d e n s i t y  compared  to t i n  oxide ( 1 0 0  Wh/K.g, and 2 4 0  Wh/1,
respectively).

I~iscllarge C}lclt{~c:t<’jivtic:v of Fl(ll  aid Jlalf Lklls

lhe discharge prof’iles  for Ii-ion cells containing,  graphite, coke,  and tin oxide anodes, d
l,iCoOz  cathwtes  are different. ‘1’he discharge curves  for graphite, coke,  and tin oxide are shown
in Figure  8. It is observed f’rom I~igure 8, tlwt the, discharge curve  fm graphite is relatively flat,
whereas the coke  and tin oxide dischurge  curves  we sloping. The correspondi(lg  anode potential
vs. Li and the cell operating voltages are 1 iste.d in Table IV.



Table  IV. COmparism  of half/f’u]]  cell average voltages
Anode Voltage vs. I.i (Volts) Cell Voltage (V)
Graphite 0.1 3.8
Coke 0.3 3.6
Tin Oxide 0.5 3.4

13ffectbv of Purticle  Size

Typically, high specific surface area carbm powders are desired to maximize the accessible
reaction area. This in turn,  results increase(l cell  rate capabil i t ies.  However,  for Li-im
applicati(Jt~s, byillcl"e~lsillg  thec:ll.b()ll  specific  s~ll-filce. al.e:ltlle relative  ammmt of passivatim  film
formed iscol”[”espoll(iitlgly  itlcte:lsecl. l’tlerefole,tl  leleis~lt  loptilllal  specific  sul+ace area (5-10
m2/g)to  which ~ib~~lilllce  ciillt~c  est~~blisl~e~l  between cell l~ite.c  ~~pitbility:  illdirre.velsibleI.  icap:~city
10ss.

Unlike  carbon  powders, the il”[evel”siblec  ~ll~~lcityl(~ss  in tin oxide is not attributed to surFace
reactions with the electrolyte. instead, the irrevcrsib]e  10SS is considered to be due to a bulk
reaction aml istheref’ore  not dependent oi’specific  sllt”f~lce:ll”ea. As aresult,  high specifics  urFace
area til~()xide  pow(lel.s al.epleferledt(  ~el~ll~~l~cecell  rate capabilities.

3) Electrolyte Analysis

An analysis was conducted  to dcteminethe  .sfiect of electrolyte types and compositions on
cycle life. Different compmitions  of electrolyte containing LiPF6 salt dissolved in Ethylene
Carbonate (EC),  Dimethyl Carbonate (DMC),  Diethyl  Carbonate (DEC),  Buty]ene  Carbonate
(K) and I>lOpylelleC~\lbot~;lte”  (PC) were  used in half cells, All cells were tested using  a
discharge current density of ’().344  (mA/cmz),  and a charge density ofo.172  (mA/cm2). 111 this
analysis the following eff-ects  were  investigated: a) the effect of varying the electrolyte
coll~positiol~s  olltheir[eversible/l"  evelsiblec~  lp;icitie.s,  b) the effect  of electrolyte types on cycling
performance, and c) the effects of EC compositiol~  on c ycl illg performance.

:~)Thcilreversible, reversiblc,~  it~~ltller evelsible/il[eversib1eI~i  capacity ratios for the initial
cycle illcells collt~lit~il~g  (liffelelltE  CfllMCe lectrc)lytec  ol~lpositi()l~st  lresho\vllitl  Table V. From
Table V, it is observed that the 10 ECY90DMC” electrolyte yields the highest irreversible and
reversible capacities whereas the 5( M750DN4C  electrolyte yields the lowest irreversible and
re.versib]e  capacities. It is important to note, however, that the reversiblelirreversible  capacity
ratios for the 1013  YWDMC, 3013C/7011MC,:~  t1Cl” 5( WC/5(Mlh4C  electrolytes are the same. It is
believed that the increase in the, amount  of EC incue.ases  electrolyte viscosity thus, resulting in
increased polarization effects. As a result, the, irreversible and reversible capacities change
proportionally by varying the amount  of EC present in the electrolyte.

Ollthecol~trary,  tlleirreversible:ill(l  lcversible.l  .ic~~p:\cities(l(~ not cl~:tllge  proporti(~ll;~lly f(~r”
carbon  anodes. Fmex ample, in cells containing carbon  anodes  with ECYDMC  electrolyte, by
increasing the amount  of IX the reversible capacity remains the same whereas the irreversible
capacity increases (Fig. 9). The fact that the reversible capacity for carbon  is relatively insensitive
to the amount  of EC indicates that polarization effects  are minimal. Therefore, since  it is known
that EC decomposes readily on the carbon  surlwx to tom a passivating  layer,  it is suggested that
by increasing the amount  of EC a proportional  increase ill the ammllt  of decomposition prmiud
on the carbon  surface results. 1 Ience,  the irreversible I.i capacity increases as the amount  of EC
increases.

Table  V. Effects of ECYDMC composition m irreversible and reversible capacities
EU1 )h4C irreversible. Cap. Reversible Cap. Rev./lrrev
Compositions (mole lJi hnole  S11O) (mole I.i /rook SnO)

1 ()/90 2.330 2.408 1.033
30/70” 2.059 2.232 1.084
50/50” 2.001 2.101 1.050”



It was  determined that the irreversible 1,i capiwity of tin oxitie  to be insensitive, tc~ the electrolyte.
, cmnpmition  but is highly dependent m the electrolyte type.

b) Theleversiblel  .icaptlcityv  s.cyclel  ~lllllberl  ]l()tiss  h[)\vl~it~I~ig. lofolth reeS1~Ohalfcells
cmt~ining:  i) WECY70DMC,  ii) 30BC/70DMC,  and iii) 50PC/50DEC.  From Fig. 10, i t  is
observed  that the capacity decline is most severe fm. the, cell  umtait~iwg 50PC/5(MlEC electrolyte,
whereas the cell ccmtaini]lg  30EC/70DMC  yielded the highest cycle life perlmnance. The reasons
for this are not clear  at the moment.

c) The reversible Li capacity vs. cycle number plot is shmvn in Fig. 11 for three SnO half  cells
umtaining:  i) 30 BC/70DMC,  ii) 10 EC/3013 C/60DMC,”  and iii) 40EC/1 OBC/50DMC.  From Fig.
11 a trend  is observed  which indicates that as the amount  of EC increases the cycle life
performance improves. Since EC alone is viscous  (solid at room tempemtm)  it is believed that
by increasing the amount  of EC,  the viscosity of the e]ecm”olyte  inu”eases,  which  in turn acts to
reinfmce  the LizO/Sn mnpmite electrcxie  during cycling.

4) Binder  Composition  Analysis

An analysis was cmducted  to determine the optimum PVDF  binder  composition  in carbon  md
SnO electrmles.  It is known  that the ammmt of binder afiects  the electmie  peri’mmme.  in the
case of carbon  electrodes, the amount  of binder  affects  the reversible and irreversible Li capacity.
The voltage  vs. Li capacity is shown  in Fig. 12 for three SnO half cells cmtaining  10 % carbon
black anti:  i) 5.5% binder, ii) 11% binder, and iii) 15.4C70 binder. From Fig. 12 several
observatims  can be made. Firstly, it is observed that the initial capacity  increases with decreasing
amounts  of binder. Secondly, the electrodes  containing  5.5 and 11$% binder  have the same
reversible capacity whereas the electrode cmtaining 15.4% binder  has a significantly lmver
reversible capacity.

The I.i capacity vs. cycle number  plot is shown  in I:igure 13. From Figure  ] 3, it is apparent
that up to 7 cycles the electrode cmc~initlg 5.570 binder  has the highest capacity, while the
electrode cmtaining  15.4% binder  has the lmvest. 1 lowever,  after 7 cycles, the capacity Of the
electrode containing  5.5 % drops  below  that Of the electrode. mntainitlg  11% binder. This
suggests that 5.5% binder  is not sufficient to cmnteract  the effects  of severe volume  changes that
Occurs during  cycling. TherefOre,  tO Optimizc  cycle life perfmmance  it is suggeste{i  that the
binder  compmitiml is 11%.

S[JMMARY

in this study, it was (ietermine~i that haii an(i fuli celis umtainitlg  carbm an~i tin oxi(ie mmies
have significantly different behavior. Firstly, the initial reactim between I.i anti tin oxi(ie results
in the demmpmitim  Of tin oxi Lie into metaliic  Sn an(i 1.i20.  [Jpm fullher  a(iciitim of Li, Li reacts
with Sn to fro-m several I.i-Sn  alioys. Therefore, the reaction  of Li with tin oxi(ie is cmsidereci  to
be a lecollstitllti(~l~;ll  reactim whereas the insert ion of I.i into carbonaceous  materials is an
intercalaticm type reaction f’m graphite mi a so] i~i solution type reaction for coke.  SecOn(ii y, the
discharge profiles  for celis containing graphite b:tve a reiiltively  constant  voltage ciuring cycling
w h e r e a s  t h e  voltage of celis ccmtaining  tin oxi(ie an(i coke anmies  (iecreases  continmusly.
Ackiitimali  y, it was determined that the capacity facie  rate for ceiis cmtaining  cmke anmies  is the
lowest.  The capacity fade rate for graphite ciecreases stea(iiiy, but is considerably lower  than that
of tin oxide.  Thirdiy,  the irreversible I.i capacity of cells containing  tin oxi(ie anmies  was  found
to be insensitive to electrolyte cmpmitim but is highly (iepen(ient  On electrolyte type. In
a(i(iition, it is believe~i  that by increasing the ammlnt of F>C, the viscmity Of tile electrolyte
increases,  which in turn acts to reinforce  the 1.i20/Sll  composite  e]ectmie (iuring cyc]ing.
Furthermore, for l.i-im cells cmtilining  carbon  anocies,  the irreversible cttpacity  ~iuring  the first
cycle is due to electrolyte decomposition,  which results  in irreversible fiim fmnatim On the
carbon  sulf”ace.  This irreversible, upacity  is highly ciepe.n~ient  On the ele.ctro] yte type and
compmiticm.  in this study, electrolytes containing  higher  percent~[ges  d’ IX shmve(i higher initial
irreversible capacities. 1 lence,  a tmied’t  in the electrolyte composition  may be necessary to
obtain optimai rate capability ami cycle. iit’e while minimizing initial irreversible loss. I.astly,  it
was determined that the optimum bin~ier  cmnpmit  i (m which  yiel~is the lmvcst  capacity fide rate
for SnO  is 11 % PVDF.
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